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It is shown that tenperature donains can be prbduced in thin
superconductor f i lms as a result of the released Joule heat. The
possible types of donains and their shapes are deternined, and the
current-voltage characteristics of the fi ln is found with allowance
for donain forrnation.

We consider a thin superconductor f i lm on a dielectric substrate. The heat conduction
equation in the fi lm is
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if the conditions H << r/b, rr/w are satisfied. Here C, r, and p are the specific heat, thernal
conductivity, and resistivity-of the fi ln, b and w are the fi ln thickness and width; H(T - T0)
is the heat f lux into the substrate,.whose temperature To is independent of the coordinates, and
r<, is the thernal conductivity of the substrate.



We use a phenomenological model in which p is a power-law function of the tenperat.ure, viz.,
3 = pr . ,O[T -  Tc( j ) ] ,  where pn is  the res is t iv i ty  in  the nornal  s tate.  The dependence of  T"( j )  on
j is assumed by us to be given by the relation

T , ( i  )  =  T c l l  -  (  i  t i  " ) 2 / t l ,

which follows fron the Ginzburg-Landau theory.

The equation for the tenperature, assuning it to be uniforrnly distributed, 
,

T - T o = b p ( T , i ) i 2 / H  ( 3 )

has at Tq < Tc, in general, three root.s. The smallest root (Te) corresponds to P = 0, and the
largest (Tz =-To + bp^jz/H) corresponds to p = pn. The field in the fi ln, corresponding to the
niddle root  T l  = Tc( j ) ,  is  obta ined by detern in ing p(T,  j )  f ron (3)  and using (2) :

E =  H I T c ' ( i )  - T , l / b i  =  p n i c k  - i 2 / r ) / q i ,  ( 4 )

w h e r e  i  = j / ) g ,  r  =  I  -  T o / T c ,  a n d q = p n h j 3 / H f c .  T h u s ,  t h e c u r r e n t - v o l t a g e c h a r a c t e r i s t i c
(CVC) at a uniforn ternperature distribr,rt ion is N-shaped [1], as shown in the figure. The mini-
nal current on the descending section, jz, is deternined from the conditiron Tz = TcUz) or,
equivalent ly ,  f rom the condi t ion E = gnje,  which takes the forrn q i i  *  i ; , ' -  r  = 0.  I t  fo l lows
that  the N-shape of  the CVC is^guf f ic ient ly  c lear ly  pronounced,  i .e . ,  the current  i2  is  not ice-
ably lower than the cr i t ica l  T" t '  i f  qr '  :  I

From (1) and fron the forn of the CVC it follows that the superconductor f i ln behaves l ike
a semiconductor with N-shaped or S-shaped CVC [2]. Nane!.y, at a given current the fi ln goes
over to the norrnal state at j = jc and back to the superconducting state at i = jz (tne horizon-
tal dashed lines with the arrows in the figure). 0n the other hand, if the voltage is given
(the load resistance R"*1 is snall enough), then the honogeneous distribution of the temPerature
on the descending sectlon of the CVC is unstable and an imnobile tenperature dornain is produced
in the fi1m. The possible types and shapes of the dornains can be determined from (1) by putting
3T/3t  *  O.  An analys is  (s in i lar ,  e .g. ,  to  the analys is  of  the equat ions for  Gunn donains) ,
shows that there exist current densities j at which an "equil ibrium" exists between the super-
conducting and normal .sections of the fi lms, each of which is larger than the characteristic
length 1,.J, = (rcb/ H)-t12. The superconduc.ting section is then at a tenperature To, and the nor-
nal  at  t rCjo) .  The current  densi . ty  io 'sadisf ies the equa- j
t ion

i,

( 2 )

f " t " r , rp (  n r  -  H ( r t  -  To ) /b ldq  =  g
To

a n d  t h e  i n e q u a l i t i e t  j r .  j o .  j "

At j > j o it is possi.ble to have a temperature dis- 
Jg

tributi.on in the forrn of a higher-tenperature (normal)
domain in a fi lrn with T = Ts, €rnd at j < ie we can have a

i":";;[Ti""il'i"*(;;'fi:::T;:li] ::il:i: il.f,"li'T,ili:l i2
In the nodel considered here, the shape of the

domain and the shape of the CVC with a domain can be
determined in explicit form. For the normal dornain we
have 

o

(  t  -  i z / t ) e x p  [ (  r .  -  |  x  l i  /  t  r l

Here x"  is  hal f  the d inension of  the nornal .  region, . i .e . ,
the distance from the peak of the domain to the point at

frl. Y

CVC of suPerconducting fi lm with

uniform tenperature distribution
(thick l ine) and of f i ln with ten-
perature dornain (thin l ine) ' The
irorizontal l ines with arrows show
junps at large load resistance,
and the inclined lines jrinPs at
low load res is tance.
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wh ich  T  =  Tc ( j ) .  I t  i s  equa l  t o

tc = /f arc ch
q i 2 + i 2 / 3 - t

i [ 2 q ( q i z  / 2  +  i z / !  -  r 7 1 r / 2
We see that  xc,  and hence the width of  the donain,  increases l ike ln l j
when the denoninator of (5) vanishes.

(s)

-  j o l  . r  j  app roaches  j o ,
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a f i lm wi th a normal  domain takes the form V = 2pnjxsf i ) .  s t r ic t ly  speaking,  th is  expression is
valid if the donain is not close to the contacts. OCherwise it becomis necessary to iake the
boundary condi t ions in to account .  At  def in i te  boundary condi t ions,  (e.g. ,  ETl0x = 0 on the con-
tacts), the CVC in the presence of the domain can be obtained by the procedure used in the case
of semiconductors. It is shown in the figure. In the case of a dumbett-shaped fi lm, it is
reasonable to expect the. nornal donain to appear in the niddle of the fi lm, whereas the super-
conducting donains should appear on the boundary, and since the edge effecis are signific.nt in
this case, the existence of such dornains (and of the CVC section at j < jo) is not io obvious
(no decreased-field donains were observed in the Gunn effect, although their possible existence
does fo l low f rom the nodel  equat ions) .

Thus, if R"*1 is snaller than the normal resistance of the fi lm, then a jump fron the
vertical section of the CVC (the inclined dashed line with the arrow) can occu!, ind a normal
donain can be produced in the fi lrn. When the voltage is reduced, the current wil l remai.n prac-
ticalLy constant (the broad dornain becomes narrower) at Ie = jsS, where S is the fi lm crosl
section area, unti l the voltage decreases to the value Vrin, given at Rs11 >> Rd = On[1/S bf

v^ io = ton/n 
[n, , ,  

/  Rd ) /z l t  *  \ .  ; -u t  1 l  .

At  Vpin,  a break a long the ver t ica l  occurs (see the f igure) .  This  is  prec isely  the CVC observed
in  [ 5 ] .  Es t i na tes  f o r  an  Sn  f i t n  [ 5 ]  a t  H  =  2  W lcn2deg  [O ]  ,  r ( nz /S )o (k2 f  / t ) ,  o f ) t u  SO- t ,
I " , " 0 : l A , T = 2 o K , w t u 0 . 1 r u t , a n d a l e n g t h s e v e r a l t i n e s l a r g e r t h a n w y i e l d [ t t g U a n d
q r ' t u 0 . 3 - 1 .

Near the crit ical tenperature, when 6 t [f at low voltages, it is possible in principle to
observe the Josephson effect in a honogeneous fi lm: the texnperature doniin is the N- layer.

We note that the hysteresis of the CVC can be due in principle also to a non-thermel
rnechanisn [7, 8]. The tines required for a stationary CVC to be lstaUlished in this case wil l
apparently be nuch shorter than the themal times.

The authors thank Yu. Ya. Divin, F. Ya. Nad', and 0. Yu. Polyanskii for useful infornation
on thermal effects in superconductor f i lns.
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